Abstract: This paper presents a novel U-shaped fiber surface-enhanced Raman scattering (SERS) spectra probe with high-performance remote sensing based on femtosecond laser ablation and deposition of photoreduced silver nanoparticles. As the width of the U-shaped structure is around 12 m, the sensitivity is enhanced about four times more than that of a single-endface-based fiber SERS probe. The experiment results show that there is a nonlinear relationship between the SERS signal and the width of the U-shaped structure, whereas the SERS signal is sharply decreased with the increasing width of the U-shape. Our U-shaped fiber SERS probe shows a feasible method for high-performance, real-time, and remote measurement of the SERS signal in biochemical analysis.
Introduction
Surface enhanced raman scattering (SERS) is a non-destructive and powerful tool that not only offers high specificity and sufficient structural information of chemical and biological molecules [1] - [3] , but also provides enormous enhancement for the SERS effect, making it suitable for applications in trace analysis, environmental monitoring, biochemical sensing, and food safety, etc [4] - [6] . Due to the enhancement of electromagnetic fields around metal nanostructures (typically silver and gold), the Raman signal of analyte molecules in the immediate vicinity of the nanostructures could be increase drastically by about orders of 10 6 or even more [7] , [8] . In recent years, fiber-based SERS probe has attracted extensive attentions for its unique characteristics of compactness, flexibility and remote sensing, offering the ability to perform SERS measurements both in situ and in vivo biochemical applications [9] - [11] . Various types of fiber-based SERS probes have been developed over the past few years, such as the D-type fiber probe [12] ; photonic-crystal fiber-based SERS probe [13] - [15] ; tapered multimode fiber probe [16] , [17] ; and femtosecond (fs) laser ablated fiber probe [18] , [19] . In those reported results, SERS could be generated either by evanescent field of the propagating light in the silica core [12] , [13] , [16] , [17] or by direct core mode field excitation of the propagating light in the liquid core [14] and the end surface of silica core [18] , [19] according to the Raman signal excited way, while the endface core mode field excitation is a popular way for its larger overlap of excited light field and metal nanoparticles. Meanwhile, the SERS signal could be collected by forward scattering configuration or back scattering configuration, while the latter one is a promising way for remote, in situ and in vivo sensing applications. However, even in core mode field excitation combining with back scattering configuration, the SERS excitation and collection are still relatively inefficient, as light scattering occurs in all directions, and the SERS-active area is limited to the fiber facet.
In this paper, we present a novel U-shaped fiber SERS spectra probe with high performance remote sensing based on femtosecond laser ablation and photoreduced silver nanoparticles deposition. The U-shape could not only increase the SERS-active area but enhance the collection efficiency of the Raman signal as well; thus, the sensitivity could be drastically enhanced more than the single endface-based fiber SERS probe. Experiments show that there is a non-linear relationship between the SERS signal and the width of the U-shape structure, while the SERS signal is sharply decreased with the increasing width of the U-shaped fiber. Our U-shaped fiber SERS probe shows a feasible method for high performance, real-time, and remote measurement of the SERS signal in biochemical analysis.
Experimental Setup and Principle
The fiber (Thorblabs, Inc., NA ¼ 0:22) used in the experiment is multimode optical fiber (MMF) that has a cladding of 125 m and a core of 105 m. Index of the fiber core and cladding are 1.456 and 1.444, respectively. Several short segments of fiber with around 55 mm length are prepared with two end carefully cleaved. An integrated femtosecond laser (Solstice, Spectra Physics) with central wavelength of 795 nm, pulse width of 100 fs and repetition rate of 1 kHz is used to fabricate the U-shape structure. The cleaved fiber is placed horizontally onto a computer controlled XYZ three dimensional micro-stage. A 50× micro objective with NA ¼ 0:5 is chosen to focus the laser beam onto the top-side of the fiber and observe the reflective top-view of the fiber in real time. The laser-beam scanning speed is 1 mm/s. The laser power after a circular aperture is approximately 38 mW. In the fabrication process, the laser-beam scanned depth is around 88 m, and the laser-beam scanned width varies from 12 m to 42 m. The processed fiber sample is cleaned in an ultrasonic bath with an ethanol solution. Fig. 1(a)-(h) shows the side view and top view of the femtosecond laser-ablated U-shape with width of The light propagation is numerically performed by a beam propagation method (BPM) in such a U-shaped fiber approximately. The fiber parameters are set as mentioned above, and the substrate material is air. The input field is at a wavelength of 785 nm, and the fiber length and the thickness of the outer reflection wall are set to be 1020 m and 10 m. The structure of the proposed U-shaped fiber is shown in Fig. 2(a) and Fig. 2(b) -(e) illustrates the simulated optical beam propagation through the U-shaped fiber with width of 12 m, 22 m, 32 m, and 42 m, respectively, where the beam propagation direction is z-axis. Fig. 3 shows the relative powers at the position of z ¼ 1010 m, i.e., at far surface after traveling through the U-shaped structure varying with its corresponding width. It can be seen that the relative power decreases rapidly with the increasing width of the U-shape structure. As the width of the U-shape structure is 42 m, the relative power is about 42% of the power without the U-shape structure. After that, it decreases more slowly.
The silver nanoparticles are formation on the U-shape structure via laser-induced deposition method. The U-shaped fiber is dipped into the mixture of 100 L of 10 mM sodium citrate and 100 L of 10 mM silver nitrate aqueous solution, and then, a 785 nm laser beam is introduced into the fiber by a 25× objective lens with NA ¼ 0:4. There are mainly three steps involved in the deposition process [20] , [21] . First, silver ions of Ag þ are absorbed on the interface between the U-shape surface and solution by electrostatic attraction; Second, citrate is decomposed to produce electrons under laser irradiation apparently by the process as follows:
The silver ion combining with electron is transferred to silver atom. Third, the dimer structure is formed by silver atom aggregating with silver ion and eventually transferred to silver cluster of Ag À n combining with negative electron of citrate, and then silver ions are more easily reduced and attached on the surrounding of the silver cluster; hence, the silver nanoparticle grows up gradually at the interface between the U-shape structure and solution
The morphological features of the deposited nanoparticles could be controlled mainly by the laser power and the irradiation time. To get a good SERS activity, the irradiation time and the laser power is optimized to be 2 min and around 20 mW, respectively. Fig. 4(a) presents the overall field emission scanning electron microscopic (SEM) image of the prepared U-shaped fiber probe with width of 22 m and reveals that it still retains the perfectly U-shape structure after the probe preparation process. Fig. 4 (b) and (d) shows the enlarged SEM images in area A and area B of Fig. 2(a) , and the magnified images of the square area A and area B is shown in Fig. 4(c) and (e), respectively. The two surfaces of the U-shape is roughened after the fs laser ablation, and some silver nanoparticles are growth on the ridge of surface ripples, but we could not see the silver nanoparticles deposited in the valley clearly. The element types and content analysis of the selected areas are characterized by the energy dispersive X-ray spectroscopy (EDS) in Fig. 4 (f) and (g), respectively. The EDS analysis reveals the presence of Ag clearly, while the elements of Si and O is still dominant in the spectrum. The other signals of S and Na come from the air and the sodium chloride used in the experiment, respectively. This facile fabrication of silver nanoparticles over the surface of the U-shaped fiber probe has not been achieved in the previous studies, which is possibly more appealing in SERS applications.
Results and Discussion
To test the performances of the U-shaped fiber SERS probes, Rhodamine 6G (R6G) is used as target molecules and the SERS spectra are detected with an integrated CCD Raman spectroscopy (i-Raman plus 785 H, BWTEK inc.).The excited laser wavelength, the laser power structure. It can be seen that the enhanced Raman factor varies nonlinearly with the width of U-shape structure, and it increases as the width of U-shape decreases. In current work, it reaches largest as the width of U-shape structure is around 12 m, and the relative intensity of Raman peak at 1509.7 cm −1 is 9791 counts, which is about 4 times than the single endface-based SERS fiber probe. This can be explained as follows. On one hand, compared with the single endface type, the U-shape structure can increase the SERS-active area and also improve the collecting efficiency of the SERS signal due to the enhanced reflection by the far surface. On the other hand, as the simulation results reveals, the excitation light that reaches the far surface would attenuate greatly with the increasing width of the U-shape, leading to a weaker SERS effect. Thus in this sense, it can be predicted that a much better level of SERS performance could realize by minimizing the width of the U-shape structure.
Conclusion
This paper presents a novel U-shaped fiber SERS spectra probe with high performance remote sensing based on femtosecond laser ablation and deposition of silver nanoparticles by photochemical reduction method. As the width of U-shape structure is around 12 m, the sensitivity is enhanced about 4 times than that of single endface-based fiber SERS probe. Experiments show that there is a non-linear relationship between the SERS signal and the width of the U-shape, while the SERS signal is sharply decreased with the increasing width of the U-shaped structure. Our U-shaped fiber SERS probe shows a feasible method for high performance, realtime, and remote measurement of the SERS signal in biochemical analysis.
